New types of low frequency n = 1 MHD activity were observed in JET discharges with high fast-ion energy content [1] exceeding the energy content of the background plasma. The frequency of such activity is between 50 and 80kHz. The period of sawteeth in those discharges was changed by a factor of five by controlling the plasma density, which was attributed to the stabilization effect of fast hydrogen minority ions on the sawteeth. Note that fast H-minority beta was building up strongly in a low density plasma, because the slowing down time of fast ions is inversely proportional to the electron density.
Experimental observations
As an example we choose one of JET discharges #54305, which had relatively low plasma density. This discharge revealed new types of MHD activity. The time evolution of electron temperature, plasma density and applied ICRH power are shown in Fig. 1 (a) . Fig. 1 (b) clearly shows two types of plasma oscillations: 60 − 80kHz and 10 − 20kHz (around t 52.5sec) MHD activities with chirping frequencies. Fourier analysis of these instabilities shows that the toroidal mode number is n = 1.
Numerical procedure
The detailed description of the numerical procedure is given in Ref. [2] with the set of equations in which the effect of fast ions is included through the components of the perpendicular and parallel to the magnetic field perturbed pressure δp ⊥ = m h dvµBĝ, δp = m h dv2 (E − µB)ĝ, where µ is the adiabatic invariant, B is the equilibrium magnetic field, figure (b) , the magnetic coil signal spectrum is presented spanning within f = 0 − 100kHz.
2 /2, v and v are the vector and the absolute value of the hot ion velocity, m h is the hot ion (proton) mass,ĝ is the nonadiabatic part of the perturbed distribution function. In this paper we will consider only trapped particle part of the nonadiabatic distribution function, while the adiabatic part includes both passing and trapped hot ions assuming isotropic equilibrium distribution function. For the functionĝ we make use of the general expression from Ref. [3] 
where ω * is the H-minority drift frequency, G m,p is the matrix of wave-particle interaction (see Ref. [2] ), F h is the H-minority equilibrium distribution function,ω d is the bounce averaged toroidal precession frequency, ω b is the bounce frequency of ion periodic motion in the poloidal cross section of the tokamak. In this paper we report on NOVA-KN development in which FOW effects are kept evaluating ion characteristic frequencies, whereas matrix G is calculated in zero orbit width (ZOW) limit. This allows to benchmark the code against ZOW version as well as clearly understand the effects due to the change in particle frequencies. In addition the equilibrium distribution function was assumed isotropic, which differs from peaked pitch angle distribution as expected for ICRH H-minority ions. However on average the characteristic frequencies of isotropic distribution are similar to the ones for H-minority ions as can be shown numerically. We note that typically the growth rate of resonant modes driven by hot ions with peaked pitch angle distribution is expected to be stronger, so that our results could underestimate the drive of resonant modes.
Simulations
To understand properties of resonant modes we show the spectrum of Alfvén continuum for chosen JET discharge #54305 at t = 51sec in Fig. 2 (a) . q = 1 surface is approximately at r/a ≡ ψ/ψ 0 = 0.6 , where ψ is the poloidal magnetic flux within a given surface and subscript 0 means that the value is taken at the edge. Without the bounce resonances NOVA-KN find two solutions. First mode is the continuation of the ideal m = 1/n = 1 mode (I-mode), which has zero real frequency without hot ions and is located within q = 1 surface.
The second solution is the resonant branch (R-mode) and has non-zero real frequency. Rmode interacts with the continuum and typically experiences the damping on the continuum. Provided that the drive is strong enough such mode can be driven unstable.
As expected the ideal kink mode is found unstable with NOVA in the absence of hot ions, but is strongly stabilized by the H-minority ions. It is shown in Fig. 2 (b) , where I-mode is seen unstable at β H0 /β pl < 0.2. It is plausible that the ideal branch is responsible for the low end of the spectrum oscillations shown in Fig. 1(b) at f = 10 − 20kHz. The frequency in NOVA-KN code is normalized to the Alfvén frequency, which for a given plasma discharge is around f A = 160kHz, so that the I-mode solution should have mode frequency f ideal ∼ 1kHz according to Fig. 2(b) . Note, that this frequency is expected to increase when the radial coupling through FOW and realistic distribution function are introduced. 
figure (a)) and real and imaginary parts of I-and Rmode frequencies of the resonant and ideal branches (figure (b)).
The real part of the mode frequency of the resonant branches is determined by the characteristic particle frequencies. We plot the characteristic deeply trapped hot particle drift motion frequencies corresponding to ions with the bounce point at r = a/3, θ 0 and with energies E H0 = 0.8M eV in Fig. 3 (a) . In the same figure we show the velocity weighting function in the integrand of the perturbed pressure, which gives the maximum contribution from particles with velocities v/v H0 1.7. Such velocity corresponds to ions at the tail of Maxwellian energy distribution E H = 2.3M eV . Thus it is those energetic tail ions which mostly determine the frequency of the R-mode. Note, that Fig. 3 (a) corresponds to the deeply trapped particles whereas on average over the phase space characteristic frequencies are similar to ones for the ions with the bounce tip at θ = π/2 (i.e. such as ICRH H-minority ions). For trapped ions with bounce tip at θ = π/2 the toroidal precession frequency is approximately two times smaller, i.e. if for the deeply trapped ions (as one can see from the figure)
0.7, than on average over the phase space Ω d 0.35. This is a value of the resonant mode frequency to be expected in the code. One can see also from Fig. 3(a) that the finite orbit effects do not change the toroidal precession (and bounce frequency) significantly. On the other hand if the bounce resonance is included in the denominator of the perturbed pressure, the frequency of such resonant mode should have been Ω ∼ 2 (it is about the same for the H-minority ions), which is in the TAE frequency range.
Indeed NOVA-KN founds the mode with the frequency Ω = 0.4, which is almost unchanged as the beta of hot ions is increased according to Fig. 2 (b) . Since it has finite frequency the R-mode interacts with and reflects from the continuum. The R-mode structure shown in Fig. 3 (b) has visible "drop" at r/a = 0.4 (at the Alfven continuum), which is in contrast with the ideal I-mode drop at q = 1 surface. The convergence of the code was checked by increasing the number of the radial points. Note, that we have chosen the temperature of the H-minority ions to be E H0 = 0.8M eV to match the computed R-mode frequency to the measured one. It is also worthwhile to note, that recent analysis [4] of the gamma-spectrum (method described in Ref. [5] ) shows that in the particular discharge of interest the temperature of the hot ions was about 1M eV . 
Summary
A non-perturbative code NOVA-KN has been developed to account for FOW effects in nonperturbative resonant modes such as the low frequency MHD modes observed in JET. NOVA-KN code was used to show that the resonant modes with frequencies in the observed frequency range are ones having the characteristic toroidal precession frequency of H-minority ions. Results are similar to previous theoretical studies of fishbone instabilities, which were found to exist at characteristic precession frequencies of hot ions.
